We compare fluctuation electron microscopy data to simulations from phenomenological atomic models and demonstrate a strong correspondence between some features in the experimental data and certain atomic configurations. This allows the nature of atomic clustering in a highly hydrogenated diamondlike carbon to be determined more closely. We compare the structural information garnered from fluctuation electron microscopy and Raman spectroscopy for a particular diamondlike carbon and find consistency between the two techniques in the region where their information overlaps.
Raman spectroscopy has led the way in making these finer distinctions in DLCs, 4, 5 hydrogenated DLCs, 6 and amorphous carbon nitrides. 7 The way that Raman spectroscopy accesses this structural information is via the vibrational density of states of the material. This gives rise to a resonantly enhanced sensitivity to the sp 2 -bonded carbon and a Raman spectrum dominated by the structure of the sp 2 -bonded carbon. 4 Specifically, two main features may be found in the experimental Raman spectrum of an amorphous carbon, the D peak at ϳ1350 cm −1 and the G peak at ϳ1500-1630 cm −1 . The D and G peaks, respectively, correspond to a breathing mode requiring the presence of aromatic rings and an in-plane bond-stretching mode that may occur at any sp 2 site regardless of whether it is in a ring. 4 Thus the ratio of the intensities of the D and G peaks, I͑D͒ / I͑G͒, gives some measure of the ordering of the sp 2 phase, as the D peak will increase in intensity as the number of rings with delocalized bonds increases. At a set exciting wavelength, the position of the G peak increases as the cluster size of the sp 2 phase changes from rings to chains to dimers. 4 The cluster size probed is determined by the exciting radiation used, as a smaller wavelength will resonate with smaller cluster sizes. Thus, dispersion of features in the spectrum as a function of the Raman exciting wavelength yields even greater insight. For example, the dispersion of the G peak position, Disp͑G͒, gives an idea of the distribution of sp 2 chain sizes. If no sp 2 bonds exist in chains and only perfect rings are present, then Disp͑G͒ = 0. At any wavelength, the full width at half maximum of the G peak, FWHM͑G͒, gives some measure of cluster disorder for that particular cluster size. At this point the interpretation of the features in the Raman spectrum is largely qualitative; however, estimates of the ratio of sp 2 to sp 3 bonding and sp 2 cluster size may be obtained through comparison to similar samples and by imposing continuity between the amorphous carbon and nanocrystalline ͑nc͒ graphite regimes. 4 Here we present simulations of fluctuation electron microscopy ͑FEM͒ data from representative clusters that may be present in an amorphous carbon. FEM measures the variation in scattered intensity from volumes of material with lateral extent comparable to the length scale for medium-range atomic order ͑MRO͒. This intensity variance V as a function of scattering vector k is related to the pair-pair correlation function in the material and hence gives a strong signature of the regions of correlated structure, or clusters, that are present. 8 As it relies on electron scattering, FEM accesses structural information directly via the phase shifts undergone by electrons scattered by atoms at different positions. Thus, in contrast to Raman spectroscopy, FEM has equal sensitivity to sp 2 -and sp 3 -bonded carbon configurations, as the only modulation to the scattering is in the form of the atomic scattering factor, which is virtually the same for electron scattering from sp 2 -and sp 3 -bonded carbon atoms. FEM also promises to be more sensitive to highly distorted configurations, as the perfect bonding that gives rise to the vibrational modes does not have to be present. Although FEM accesses atomic correlations beyond two-body correlations and therefore probes structural information inaccessible to diffraction, the V͑k͒ cannot be directly inverted to yield the atomic correlation functions. As a consequence, quantification of the MRO from FEM remains a challenge. 8 In this work we demonstrate that considerable progress can be made toward quantification by simulating V͑k͒ from phenomenological atomic models using an analytical expression. Figure 1͑a͒ displays an experimental V͑k͒ curve obtained from a low density, ϳ80% sp 2 -bonded hydrogenated DLC made by plasma-enhanced chemical vapor deposition.
3 Such films contain a high proportion of hydrogen, but unexpectedly low fractions of sp 3 bonding. We denote them hydrogenated DLCs in line with the classifications of Casiraghi et al.. 6 Such materials have been found to display strikingly low coefficients of friction; 9 the friction properties have been correlated with the short-and medium-range atomic order as a function of depth in the film. 3 This particular experimental curve is acquired from the bulk of a film grown with a source gas composition of 75% H 2 and 25% CH 4 that also manifests the lowest coefficient of friction in the set previously studied.
3 FEM was performed in tilted dark-field mode using an automated acquisition system on a Jeol JEM-4000 EXII. Details of the specimen preparation and data analysis have been described elsewhere. 3 Briefly, cross-sectional samples were prepared by mechanical polishing in a wedge geometry and subsequent low-energy ion milling for short times. 3 Dark-field images were treated with a Wiener filter prior to calculation of the average intensity and V͑k͒. 10, 3 Error bars represent the standard error from measurements on ten different areas. The V͑k͒ curve has three peaks that have been associated with clusters with local graphitic bonding ͑2.8 nm −1 ͒ and local diamondlike bonding ͑5 and 8.8 nm −1 ͒. 3, 10 In accord with these assignments, the V͑k͒ curves from highly tetrahedral amorphous carbon, or DLC with a large ͑ϳ80% ͒ sp 3 -bonded carbon fraction, lack the feature at 2.8 nm −1 .
10
Recent work has extended the Debye equation that describes the scattered intensity from a random assembly of atoms to obtain a simple expression for the intensity variance. 11, 12 In this expression the intensity variance is a function of the scattering vector k, the atomic scattering factor f͑k͒, and also the sum of the separations of two pairs of atoms, r ij + r kl . This direct dependence on pair-pair atomic correlations gives rise to the extreme sensitivity of this technique to clustering. Here we apply this Debye formulation of the intensity variance to examine the FEM signatures of different carbon clusters. This technique for calculating the variance is ideal for looking at small structural motifs rather than large atomic models, as it provides a variance that is the equally weighted sum of the variance for all possible cluster orientations with respect to the incident electron beam. This is equivalent to filling space with randomly oriented clusters separated sufficiently to suppress intercluster correlations, or constructing a larger atomic model in which the cluster is the dominant structurally correlated motif. We note that we will consider only carbon configurations; the small scattering power of hydrogen means that the FEM will be 5-125 times less sensitive to structural correlations involving a hydrogen atom than to purely carbon ones. 13 As we are only considering correlations in the carbon atoms, and using monatomic clusters, the atomic scattering factor f͑k͒ will cancel in the expression for the normalized intensity variance V͑k͒. We also use fragments of crystalline structures smaller than the resolution of the microscope for a typical FEM experiment as this parameter determines the length scale over which structural correlations may be detected.
Turning first to clusters with graphitic local bonding, we simulated the V͑k͒ from small fragments of the graphite structure. The fragments consist of a broken ring, a chain, and full and double rings as shown in Fig. 1͑b͒ . The simulations are shown in part ͑c͒ of the same figure. It is readily seen that incomplete rings ͓structures ͑b͒ ͑i͒ and ͑iii͔͒ do not give rise to the peak in the variance at 2.8 nm −1 that is observed in the data and attributed to graphitic local bonding. Complete rings such as those in structures ͑b͒ ͑ii͒ and ͑iv͒ do yield a prominent peak at this position. Thus the simulations suggest that complete aromatic rings are present in this particular DLC. The other configurations of broken ring and chain may also exist, but their broad peaks add to the magnitude of the variance in a way that is harder to uniquely attribute. In Fig. 1͑e͒ we show variance simulations from graphitic fragments comprised of one, two, and three graphene sheets as illustrated in Fig. 1͑d͒ ͑i͒-͑iii͒. The single sheet has a very prominent peak at low k, broadly consistent with observation, but shifted slightly to higher wave vector. The simulations from the fragments composed of multiple sheets also possess this low-k peak, but additionally have peaks in the V͑k͒ curve at higher wave vector that do not correspond to any of the peaks in the data. Thus our initial survey of signatures in the FEM from graphitic fragments suggests that the sp 2 -bonded carbon is present in rings, but that greater association between these rings in layered structures is not in evidence.
We conducted similar studies of the diamond structure as displayed in Fig. 2 . Figure 2͑a͒ of this figure shows the test structures, which range from ͑i͒ the single, isolated tetrahedron to ͑ii͒ the double tetrahedron with dihedral angle preserved, to structures with ͑iii͒ two and ͑iv͒ four sixmembered rings with the typical chair conformation. Examining the simulations in part ͑b͒ of this figure, we see that the tetrahedra do not possess peaks in their simulated V͑k͒ at the positions found in the data ͑indicated in the plot with solid vertical lines in this and subsequent figures͒. The simulated V͑k͒'s of the six-membered ring configurations do have a peak at 5 nm −1 in common with the data, but have a large peak at higher wave vector with no match in the experimental curve. These observations seem to suggest that the sp 3 phase may be organized in rings with the chair conformation in this DLC, but that a systematic distortion of this structure in the amorphous phase may modulate the peak in the simulated data at 7.5 nm −1 . As we had no basis for distorting our test structures in a systematic way, we explored the simulated V͑k͒ from structures that had random displacements to their atomic positions. To randomize the atomic positions we applied separately a Gaussian noise to the atomic coordinates in each dimension with maximum values of 0.5, 1.0, and 1.5 Å. The randomized structures for the three-layered graphite structure and the four six-membered chair-conformed ring diamond structure are shown in order of increasing randomization in Figs. 3͑a͒ and 3͑c͒ . The accompanying simulations are shown in Figs. 3͑b͒ and 3͑d͒ of this same figure. We see that randomization extinguishes the two high-wave-vector peaks in the simulated V͑k͒ of the three-layered graphite structure such that by the time the noise with maximum of 1.0 Å is applied ͓Fig. 3͑a͒ ͑iii͔͒ the V͑k͒ has only the single peak at 2.8 nm −1 . In the case of the diamond structure positional randomization to a maximum of 1.0 Å also seems to act to destroy the peak magnitudes, but does not result in curves that better match the experimental data.
Raman spectroscopy was performed at room temperature in a backscattering geometry using an argon-ion laser with a wavelength of 514 nm and a Jobin-Yvon Labram HR800-Vis spectrometer. The laser power and dwell time were such that no damage to the specimen could be detected in the regions studied. Figure 4 displays the Raman spectrum obtained from the same DLC film studied with FEM ͓Fig. 1͑a͔͒. We see that the D and G peaks are clearly present. As with the FEM it is not clear exactly what is the proportion of sp 2 -bonded carbon in rings and in chains, although disp͑G͒ does indicate that there is a finite-size distribution of these clusters.
14 Using an empirical expression 4 relating cluster diameter to I͑D͒ / I͑G͒ we find the cluster diameter L a ϳ 13 Å. This corresponds to approximately four aromatic rings per cluster, similar to the structure simulated in Fig. 1͑d͒ ͑i͒. However, L a is a parameter for the in-plane cluster correlation length 4 and so the cluster size estimate from Raman spectroscopy is not sensitive to the differences in the structures in Fig. 1͑d͒ , ͑i͒, ͑ii͒, and ͑iii͒.
In summary, from our simulations of the features found in FEM data from a hydrogenated DLC we identify the sp 2 -bonded carbon to be configured in aromatic rings. It appears that these rings are not associated in layers, except if the structure is so distorted that layer identification is itself compromised. The sp 3 -bonded carbon in this material seems to be configured in fragments larger than a single or double tetrahedron that possess the typical six-membered ring structure in the chair conformation of diamond. However, it seems as though a systematic distortion needs to be applied to these structures to produce an exact match to the experimental data. This distorted structure may be stabilized by the presence of hydrogen, even if carbon-hydrogen configurations are not detected with as much efficiency with FEM as carbon-carbon configurations. sp 2 carbon in aromatic rings can be determined from the presence of the D peak in the Raman spectrum. 5 However, distorted rings without fully delocalized bonds can't be detected with this technique. The FWHM͑G͒ and Disp͑G͒ can be used to qualitatively probe for distortion in clusters and a distribution of cluster sizes. As we noted, though, Raman spectroscopy has little sensitivity to the configurations of the sp 3 -bonded carbon. In contrast, we see that FEM has the potential to identify distorted structures composed of both carbon bonding types. There is particular promise in matching simulations of FEM from larger atomic models generated using for example ab initio techniques to experimental curves. FIG. 4 . Raman spectrum ͑514 nm͒ of the DLC studied in this paper with features corresponding to the breathing ͑D͒ and stretching ͑G͒ vibrational modes. We note that stretching modes can also be found in sp 2 -bonded chains ͑Ref. 4͒.
